We report on the ultra-high rate of photodegradation of organic dyes under visible light illumination on Ag 2 O-nanoparticle-decorated (NP) porous pure B-phase TiO 2 (TiO 2 (B)) nanorods , which is four times higher than the reported values. Furthermore, cyclic stability studies show the high stability of the HS photocatalyst for up to four cycles of use. The major improvement in photocatalytic efficiency has been explained on the basis of enhanced visible light absorption and band-bending-induced efficient charge separation in the HS. Our results demonstrate the long-term stability and superiority of the TiO 2 (B)/Ag 2 O HS over the bare TiO 2 (B) NRs and other TiO 2 -based photocatalysts for its cutting edge application in hydrogen production and environmental cleaning driven by solar light photocatalysis.
Mechanism of strong visible light photocatalysis by Ag 2 O-nanoparticledecorated monoclinic TiO 2 (B) porous nanorods 1 
. Introduction
Photocatalysis by metal oxide semiconductors is being studied extensively due to its potential application in clean hydrogen energy production and environmental protection such as waste-water treatment, water splitting, CO 2 reduction, air purification, disinfection and self-cleaning surfaces [1] [2] [3] [4] . In comparison to other semiconductors, TiO 2 is one of the most suitable and promising semiconductor photocatalysts because of its high chemical stability, low cost, non-toxicity, high oxidizing power and good degradation efficiency [5] [6] [7] . However, a major limitation of TiO 2 is that it has a large band gap (3.2 eV for the anatase phase and 3.0 eV for the rutile phase) and can only utilize the UV light (wavelength <400 nm) from the whole solar spectrum, limiting its application in the industry, which requires maximum utilization of the visible and near infrared (NIR) region of the solar spectrum. In addition, the high recombination rate of the photogenerated electron-hole pairs prevents their migration to the surface of semiconductor photocatalysts causing low photocatalytic efficiency [8, 9] . When TiO 2 absorbs UV photons, active electrons and holes are created and these electrons and holes need to migrate to the surface to initiate a redox reaction. In a homogeneous semiconductor, the recombination of the photoexcited electrons and holes simply by liberating heat (non-radiative transition) or light (radiative transition) is highly probable, which results in the low quantum yield of the reaction [10, 11] . Several strategies have been proposed for enhancing the charge separation and the light absorption in TiO 2 in the visible region. This has been achieved by the formation of heterostructures (HSs) through metallization [11] [12] [13] [14] [15] [16] [17] [18] , sensitization [8, [19] [20] [21] ), impurity doping [22] [23] [24] , defect engineering [25] [26] [27] etc. By decorating them with noble metal NPs such as Ag, Cu, Au, Pt, Pd etc, the photocatalytic efficiency of a semiconductor photocatalyst can be enhanced, as the noble metal NPs act as an electron acceptor elevating the interfacial charge transfer of the HS [12] [13] [14] 28] . Furthermore, reutilization of the powder photocatalyst is still a big challenge. Nano-sized catalyst particles are usually hard to recover from large volumes of photocatalysis chambers, as the NPs (e.g. P-25) make a highly stable suspension in water [29] . TiO 2 photocatalysts of a larger size (∼a few μm) usually segregate and can be used successfully for multiple cycles. Very few groups have reported on the visible light sensitization of TiO 2 nanostructures by decorating them with Ag 2 O NPs [8, 30] . Although TiO 2 (B)/Ag 2 O HSs exhibit higher visible light absorption and improved visible light photocatalytic efficiency, they require further investigation in order to achieve higher visible light absorption, and faster interfacial charge transfer, leading to a prolonged charge carrier lifetime and resulting in superior visible light photocatalytic activity. To our knowledge, the TiO 2 (B) phase and its HS with Ag 2 O NPs have not been explored yet for the visible light photocatalysis of organic dyes. The TiO 2 (B) phase is a less compact structure than that of other forms of TiO 2 for anatase phases. Here, we have grown porous 1D TiO 2 (B) nanorods (NRs) by a basic ethylene-glycol-mediated solvothermal method. The Ag 2 O NPs are decorated uniformly on the surface of the TiO 2 (B) NRs by a simple co-precipitation method. The TiO 2 (B) NRs are expected to possess certain advantages over TiO 2 NPs owing to their higher aspect ratio, higher visible light absorption, very few grain boundaries and diffusion-free fast electron transport along the length of the NR.
The effective band gap of the as-grown TiO 2 (B)/Ag 2 O HS has been tuned here to absorb strongly in the entire visible region. The HS shows huge amounts of visible light absorption extending up to the NIR region of the solar spectrum. The photocatalytic activity of the TiO 2 (B)/Ag 2 O composite has been investigated using aqueous methyl orange (MO) and methylene blue (MB) as reference dyes under visible light irradiation. We report on the massive (∼13 times) enhancement in the photocatalytic rate constant of the TiO 2 (B)/Ag 2 O HS by incorporating the low band gap Ag 2 O NPs as photosensitizers. Steady state and time-resolved photoluminescence (PL) analyses of the samples have been performed to understand the mechanism of superior photocatalytic performance. Our results show the superiority of the TiO 2 (B)/Ag 2 O HS over the bare TiO 2 (B) NRs and other TiO 2 -based HSs for environmental cleaning applications.
Experimental procedure

Preparation of porous TiO 2 (B) NRs
TiO 2 (B) NRs were synthesized using a typical solvothermal process in a concentrated NaOH solution of DI water and ethylene glycol in a 1:1 volume ratio. In a typical synthesis, 1 g of precursor anatase TiO 2 powder (Merck, average particle size ∼80 nm) was mixed with 48 ml of 10 M NaOH mixed solvent (DI water : ethylene glycol = 1:1) under stirring for 1 h, followed by hydrothermal treatment in a 100 ml Teflon-lined autoclave (Berghof, BR-100). The temperature inside the autoclave chamber was measured and maintained at 180°C under autogenous pressure and constant magnetic stirring at 500 rpm for 16 h. The formed precipitates were washed thoroughly with DI water and obtained by centrifugation followed by a drying process at 80°C. The obtained sodium titanate NRs were treated ultrasonically with 0.1 N HCl until the pH had nearly reduced to 7, and the precipitates were subsequently washed several times with DI water to obtain hydrogen titanate NRs. Then, the H-titanate NRs were calcined at 500°C for 5 h in air to grow porous TiO 2 (B) NRs.
Growth of TiO 2 (B)/Ag 2 O NR heterostructures
TiO 2 (B)/Ag 2 O HSs with various weight ratios from 1:3 to 3:1 were synthesized by a precipitation method. Typically for a 1:1 weight ratio, 0.1 g of the TiO 2 (B) NRs was dispersed in 50 ml of DI water and then 0.145 g of AgNO 3 was dissolved into the above suspended solution. Said mixture was then stirred magnetically for 30 min to reach adsorption equilibrium. Next, 50 ml of 0.2 M aqueous NaOH solution was added drop-wise to the mixture. The amount of NaOH was enough to form a precipitation of Ag 2 O NPs from the AgNO 3 . During this process, the Ag 2 O NPs were coated on the TiO 2 (B) NRs and the final pH of the solution was measured to be 14. The TiO 2 (B)/Ag 2 O HS was obtained by washing with DI water several times, filtration and drying. Pure Ag 2 O NPs were also synthesized as a blank material for comparison. In this case, 0.85 g of AgNO 3 was dissolved in 50 ml of DI water and 50 ml of 0.05 M aqueous NaOH solution was dropped into the above solution. A summary of the samples studied with the sample codes is provided in table 1.
Characterization techniques
The crystal structure of the as-grown catalysts was obtained from an x-ray powder diffraction (XRD) pattern (Rigaku RINT 2500 TTRAX-III, Cu kα radiation). The crystallinity and phase composition of the as-synthesized NRs and NPs were measured by micro-Raman spectroscopy (LabRam HR800, Jobin Yvon). The morphology, size and the elemental compositions of the as-synthesized TiO 2 (B) NRs and the TiO 2 (B)/Ag 2 O HS were studied using a field emission scanning electron microscope (FESEM) (Sigma, Zeiss) equipped with an energy dispersive x-ray (EDX) spectrometer. The high magnification surface morphologies and structures of the as-grown samples were studied using a transmission electron microscope (TEM) (JEOL-JEM 2010 operated at 200 kV). The samples for TEM analysis were prepared on a carbon-coated Cu grid of 400 meshes (Pacific Grid, USA). UV-vis diffuse reflectance spectroscopy (DRS) measurements of the samples were recorded using a commercial spectrophotometer (PerkinElmer, UV win Lab). X-ray photoelectron spectroscopy (XPS) was carried out using a PHI X-tool automated photoelectron spectrometer (ULVAC-PHI, Japan) with an Al Kα x-ray beam (1486.6 eV) at a beam current of 20 mA. The shift in the binding energy of various catalysts was corrected using a C1s spectrum at 284.8 eV as a standard value [31] . The room temperature steady state photoluminescence (PL) spectra were recorded using a 405 nm diode laser excitation with the help of a single grating monochromator (Triax 550) and a cooled CCD detector (Jovin Yvon). Each spectrum was corrected for detector response after background subtraction. Timeresolved photoluminescence (TRPL) spectra were recorded using a picosecond time-resolved luminescence spectrometer (Edinburgh Instruments, model: FSP920). Nitrogen adsorption-desorption isotherms were conducted using a Quantachrome autsorb-iQ MP analyzer at 77 K. The surface area of the catalysts was determined using the multipoint BrunauerEmmett-Teller (BET) method and the average pore size determined using the Barett-Joyner-Halenda (BJH) model. The photocatalytic activity of the synthesized photocatalysts was studied using a time-programmable commercial photochemical reactor (Lelesil Innovative Systems, Mumbai), with a visible lamp source.
Photocatalytic degradation under visible light
The photocatalytic activity of the pure TiO 2 (B) NRs and the TiO 2 (B)/Ag 2 O HS were evaluated considering the photodegradation of methyl orange (MO) and methylene blue (MB) as model dyes under visible light irradiation. In a typical experiment, 100 ml aqueous suspension of MO/MB (10 mg l −1 ) and 20 mg of catalyst powders were placed in a 250 ml beaker. Before visible light irradiation, the mixture of dye solution and photocatalyst were magnetically stirred in the dark for 30 min. This allowed the establishment of the adsorption-desorption equilibrium between the interface of the photocatalysts and dye molecules under ambient conditions. A 250 W lamp with an emission in the range 390-800 nm was used as the light source for the visible light photocatalysis. The lamp is surrounded by a water-cooled quartz jacket that absorbs the heat generated from the highpower lamp. This maintains the constant temperature of the whole environment and it ensures that degradation only occurs because of light irradiation and not heat. At chosen irradiation intervals, 5 ml of solution was collected and centrifuged to remove the catalyst particles for further study. In order to estimate the residual concentration of the dye solution, the UV-vis absorbance was measured in a Shimadzu 2450 UV-vis spectrophotometer.
Results and discussions
Morphology studies
The growth of TiO 2 NRs by the solvothermal process as well as Ag 2 O NP decoration on the NRs have been discussed by several groups [8, 32] . It has been recognized that during the growth process, porous-like TiO 2 NRs are formed under certain conditions. In order to understand the morphology and microstructural properties of the as-synthesized TiO 2 NRs, Ag 2 O NPs and their HSs, we performed an FESEM analysis of the samples. Figure 1 figure S1 (supporting information). This implies a tensile strain in the Ag 2 O NPs in the HS due to the strong coupling between the TiO 2 (B) and the Ag 2 O lattice, which is fully consistent with the Raman and XPS results discussed later.
For further endorsement of the crystalline nature and phase of the TiO 2 NR and its HS, Raman analysis was performed for all the samples using a 633 nm laser excitation. Figure S2 (supporting information) shows a comparison of the Raman spectra for all the samples. The inset shows a magnified view of the prominent Raman modes in the region 250-1000 cm −1 . The peaks corresponding to the B-phase of the TiO 2 are marked ' * ', while those of the Ag 2 O are marked '♦' [32] . Note that the peak intensities of the HS samples gradually decrease with an increase in Ag 2 [32] . However, after the decoration of Ag 2 O NPs on the TiO 2 (B) NRs, the Ti 2p 3/2 peak was slightly red-shifted to a lower binding energy of 458.2 eV (as indicated by the vertical dotted line). This shift in the Ti 2p 3/2 peak of the TiO 2 (B)/Ag 2 O HSs may have been due to the lattice distortion induced in the TiO 2 (B) due to strong coupling between the TiO 2 (B) lattice with the Ag 2 O NPs [35] . This may partly be due to band bending at the TiO 2 /Ag 2 O interface. Figures 4(e) and (f) show the deconvolution of the XPS spectra for the bare TiO 2 and TA2 HS. Altogether, four peaks are fitted to the spectrum in each case. Peak 1 and peak 3 correspond to the Ti 3+ state, and peak 2 and peak 4 correspond to the Ti 4+ state. A summary of the fitting parameters is shown in table T1 (supporting information). It may be noted that the relative intensity of peak 1 is reduced in TA2 as compared to that of bare TiO 2 (B) and this could be due to the reduction of oxygen vacancy defects. This is fully consistent with the PL analysis that shows lower vacancy concentration in TA2, as discussed later. Thus, the XPS results show strong coupling between the Ag 2 O NPs and TiO 2 (B) NRs in the HS samples, and this plays an important role in the enhanced photocatalytic efficiency.
Brunauer-Emmett-Teller (BET) surface area analysis
In order to assess the specific surface area of the nanoporous TiO 2 (B) NR, its HS, and the coupling between the porous sites of the TiO 2 (B) NRs and Ag 2 O NPs, the surface area of the samples was measured by the BET process. The N 2 adsorption-desorption isotherms of the TiO 2 (B) NRs and TiO 2 (B)/Ag 2 O HS (TA2) are shown in figures S3(a) and (b), respectively (supporting information). The shape of the isotherms depends on the pore sizes of the nanostructure. The isotherms of the nanostructures with micropores (size 1 nm) exhibit an abrupt increase in the high-pressure region (>0.8 P P −1 0 value) that can be attributed to the capillary condensation and multilayer adsorption of N 2 in the micropores. Besides the pores, the TiO 2 (B) nanostructures have rough surfaces. So, the isotherms show smooth behavior without any inflections before capillary condensation transition [36] . In this work, the surface area of the pristine ). Since the molar mass density of Ag 2 O (7.14 gm cm −3 ) is nearly double that of the TiO 2 (B) (4.23 gm cm −3 ), the surface area of the HS sample is reduced by nearly half, primarily due to Ag 2 O loading with nearly double the molar mass density. Thus, the reduced surface area in the HS sample is mainly due to the higher mass loading effect, without any substantial reduction in average pore size. It is apparent from the HRTEM analysis that the average size of the Ag 2 O NPs is much larger than the pore sizes measured using the Barett-Joyner-Halenda (BJH) analysis (figure S3) (supporting information). The BJH pore size distribution profiles for pristine TiO 2 (B) and the TA2 HS are shown in figures S3(c) and (d) (supporting information). The average pore diameter is found to be ∼1.9 nm for both the samples, as determined by the distribution profile. However, this size is much less than the pore sizes obtained using the HRTEM analysis (6.8 nm), primarily due to the limitations of the TEM technique in probing ultra-small pore sizes. In the case of the HS sample, the bigger-sized pores are covered with Ag 2 O NPs, while the smaller pores with a very high density are still uncovered, as evident from figures 2 and S3 (supporting information). Although the average surface area is reduced in the HS sample, the presence of small pores and the effect of heterojunctions dramatically improve photocatalytic efficiency in the HS. TiO 2 (B) NR as well as its HS, the effective band gap of the respective samples was estimated using the Tauc plot, as shown in figure 5(b) [32] . The precursor anatase TiO 2 nanopowder has a band gap of 3.03 eV, which is reduced to 2.80 eV in the case of bare TiO 2 (B) NRs. This reduction in the effective band gap helps the TiO 2 (B) NRs to be very active under visible light, and they are expected to have significant visible light photodegradation capability. The most interesting fact is that after the decoration of the Ag 2 O NPs, the effective band gap energy of the TiO 2 (B) NRs is tuned in the range 2.20-1.68 eV and the effective band gap of the respective samples is shown in 5(b). The detailed absorption range and the effective band gap of each sample are tabulated in table 1. The band gap energy modification for the HS samples may be due to the efficient coupling between the Ag 2 O NPs and TiO 2 (B) NRs. The band structures of each of the nanocomponents are suitable enough to have proper band bending at the interface due to their close coupling. It is noteworthy that in case of TA2, the effective band gap is found to be the lowest (1.68 eV), which implies that Ag 2 O NPs and the TiO 2 (B) NR HS have large band bending and may have high carrier concentrations at room temperature. This turns out to be a very promising and an extremely beneficial approach for efficient visible light photocatalysis in the HS samples (discussed later) [38] .
3.4.2. Photoluminescence study. The superiority of the asprepared HS as a solar light photocatalyst over the bare TiO 2 (B) NRs is confirmed by the PL studies. The characteristic PL spectra clarify the mode of separation and recombination of the photogenerated e-h pairs. A comparison of the room temperature PL spectra for the TiO 2 (B) NRs, Ag 2 O NPs and TA2 HS is shown in figure 6(a) . Interestingly, a significant decrease (by a factor of ∼5.9) in PL intensity of the TiO 2 (B) NRs was observed after decoration with the Ag 2 O NPs. However, the center of the PL band remained unchanged. In order to understand the origin of the broad visible PL of the TiO 2 (B) NRs before and after Ag 2 O NP loading, the PL spectrum of each sample is deconvoluted with Gaussian peaks. The deconvoluted PL spectra for the TiO 2 (B) NRs and TA2 are shown in figures 6(b) and (c), respectively. In each case, the spectrum is fitted well by four Gaussian bands and the individual bands are labeled as peaks 1, 2, 3 and 4. Peak 1 (at 427.2 nm) in figure 6(b) is attributed to the self-trapped excitons located in the TiO 6 octahedra [32] . Peak 2 (at 491.2 nm) is due to the charge transfer transition from the Ti 3d orbital to the O 2p orbital in the -TiO 6 2 octahedra [39], while peak 3 (at 560.6 nm) is attributed to the shallow traps associated with the oxygen vacancies (V O ) in the TiO 2 structure [40] . Peak 4 (641.0 nm) is possibly due to the deeplevel emissions associated with V O states [41] . It is confirmed from figure 6(c) that the peak centers of the individual bands of sample TA2 are unaltered from that of the TiO 2 (B) NRs. Note that the intensity ratio of the peaks in each sample is also almost the same in figures 6(b) and (c). However, the intensity of each peak decreases strongly in sample TA2 as compared to that in the TiO 2 (B) NRs. The lowering of PL intensity after decoration with Ag 2 O NPs may be due to the following reasons: (i) the deposited Ag 2 O NPs work as traps for the photoexcited electrons and prevent their recombination; [8] (ii) due to band bending at the interface, the charge transfer process is very efficient in the case of the HSs, and thus the charge carriers (e, h) are separated enough to reduce recombination probability and hence the PL intensity; (iii) the Ag 2 O NPs may partly passivate the luminescent centers in TiO 2 (B) NRs. All these factors may contribute to the decrease in the PL intensity of sample TA2 as compared to the TiO 2 (B) NRs. Thus, under visible light illumination, plenty of excitons are available at the interface of the TiO 2 (B)/Ag 2 O HS, which may help in achieving high photocatalytic activity (discussed later).
3.4.3. Time-resolved photoluminescence study. To understand the carrier dynamics of recombination in the TiO 2 (B) NR and its HS, we studied the time-resolved PL spectra. Figure 7 shows a comparison of the TRPL decay curves for TiO 2 (B) NRs and TA2 monitored at 490 nm using a laser excitation source (405 nm). Each TRPL spectral data is fitted by a tri-exponential decay function. The corresponding time constants (τ) are tabulated as an inset in figure 7 . The tri-exponential fit implies that three different states contribute to the TRPL spectra in each sample, and this is fully consistent with the steady state PL spectra. The values of τ 1 and τ 3 are quite similar for both the samples. However, τ 2 increases considerably after Ag 2 O loading, and as a result the decay becomes slower in TA2. The increase in carrier lifetime seems to play a critical role in the enhanced photocatalytic efficiency of the HS samples. The photogenerated charge carriers first migrate to the interface of the TiO 2 /Ag 2 O, which is thermodynamically favorable, since the valence and conduction band position of Ag 2 O is above of that of the TiO 2 (B) NR [37] . Once the electrons from the valence band to the conduction band are excited, the electrons from the conduction band of the Ag 2 O NPs migrate to the conduction band of the TiO 2 (B) NRs and the holes from the valence band of the TiO 2 (B) NRs migrate to those of the Ag 2 O NPs. Thus, the interfacial charge transfer prolongs the lifetime of the photogenerated charge carriers, which is clearly manifested as a longer τ in the TRPL spectra. By decorating the Ag 2 O NPs on TiO 2 (B) NRs, the probability of recombination decreases and a higher density of carriers is available on the surface of the HS, promoting high visible light photocatalytic performance, as discussed below.
Photocatalytic studies
The excitons generated within the Ag 2 O NPs decorated on the TiO 2 (B) NRs could be energetic enough to drive photoelectrochemical reactions due to the NPs' broadband optical absorption and prolonged carrier lifetime. To investigate the photocatalytic efficiency of the samples, we examined the decomposition of MO and MB in water in the presence of the HS catalysts. can be described by the pseudo-first-order rate kinetics from the Langmuir-Hinshelwood expression: ln(C t /C 0 ) = −kt, where C 0 is the initial concentration of MO after reaching the adsorption-desorption equilibrium, C t is the concentration of MO after irradiation time t, and k is the rate constant (min −1 ). Figure 8 (e) shows a comparison of the values of ln(C t /C 0 ) for the respective samples as a function of light irradiation time. The rate constant is calculated by the corresponding linear fit and the value of k is tabulated in table 2. Interestingly, k (0.071 min −1 ) is found to be highest for sample TA2 and is found to be 12.9 fold stronger than that of the TiO 2 (B) NRs (0.0055 min −1 ) or the Ag 2 O NPs (0.0056 min −1 ). Considering the visible light irradiation, the rate constant of 0.071 min −1 is very significant for the HS sample. Most of the reported k-values are usually for UV light irradiation and the reported rate constant for a commercial photocatalyst (e.g., P25) is ∼1 × 10 −2 min -1 under UV light irradiation [42] . In the present case, even under visible light irradiation, the rate constant is about one order of magnitude higher than the reported values of TiO 2 under UV light irradiation.
In order to understand the degradation efficiency of the TiO 2 (B) NR and its HS in the dark, the experiments were performed under the same conditions but in the absence of light. The catalysts were mixed with an aqueous solutions of MO and stirred magnetically in the dark; 5 ml solution was then immediately withdrawn. Then the process was continued for 90 min. We assumed that the adsorption/desorption equilibrium condition had been reached within 30 min. Beyond the equilibrium condition, the degradation activity of the TiO 2 (B) NRs and the most efficient photocatalyst TA2 was monitored up to 60 min further; the corresponding degradation results are shown in figure 8(f) . The concentration of the dye decreases very marginally with time because of the adsorption of dye molecules on the catalyst surface due to the pores there (as shown in figures 2(a) and (b)). Since due to the adsorption the degradation of the dye is very small (2% for TiO 2 NRs and 7% for TA2 after 90 min) as compared to the high degradation in the presence of light, we have not considered the contribution of the adsorption in the calculation of the rate constant. Figure 9 (e) shows a comparison of the value of ln(C t /C 0 ) for the respective samples as a function of light irradiation time. The rate constant is calculated by the corresponding linear fit and the value of k is tabulated in table 2. The degradation of the MB solution by the TiO 2 NRs and the TA2 HS in the absence of light is shown in figure 9(f) . The rate constant in MB (as shown in figure 9 (e)) and table 2) for TA2 (0.057 min −1 ) is the highest, and 5.7 times higher than its value in TiO 2 (B) NRs (0.01 min −1 ). In this case, the enhancement factor (5.7) is less than that of the MO dye (12.9). In both cases, i.e. for the dyes of different ionic nature, the photocatalytic efficiency of the HS samples is strongly enhanced as compared to the bare TiO 2 or Ag 2 O samples, and a detailed mechanism of the enhancement is discussed later.
3.5.3. Cyclic stability of photocatalysis. To investigate the cyclic stability of the TiO 2 (B)/Ag 2 O HS as a photocatalyst under visible light irradiation, the same sample was repeatedly used for four cycles after separation by centrifugation followed by filtration. The TA2 HS was chosen as the model HS catalyst because it has the highest photodegradation efficiency, as shown in figures 8 and 9 for MO and MB, respectively. Interestingly, the TA2 photocatalyst exhibits extremely stable photocatalytic activity under visible light irradiation for MO, as shown in figure 10 (a), and there is no obvious reduction in photodegradation efficiency after four cycles of use. In the case of MB, TA2 again shows very good stability under a repeated cyclic process, though the degradation rate falls slightly after four cycles ( figure 10(b) ). A high surface area is generally desirable for having enhanced photocatalytic activity in a semiconductor photocatalyst, since higher surface areas allow greater interfacial contact points with the organic dyes leading to enhanced photodegradation efficiency. However, in our case, the specific surface area of the TiO 2 (B) NRs was reduced after the formation of the HS with the Ag 2 O NPs, as confirmed by the BET analysis, although the photodegradation efficiency of the sample TA2 is much higher than the bare TiO 2 (B) NRs, as shown in table 2. Thus, it can be concluded that surface area is not the primary factor for the enhanced photocatalytic activity observed here.
The rate of photocatalysis depends on the relative concentration of the dye and the catalyst in the solution. In the present case, a 100 ml dye solution (10 mg l −1 ) was used with a 20 mg catalyst. Thus, 1 mg dye was degraded by up to 76% within 20 min by 20 mg of TA2 in the presence of visible light. Zhou et al have reported the ∼77% degradation of MO in 20 min by Ag 2 O and an anatase TiO 2 HS with a 1:1 weight ratio [8] . However, the authors only used 0.4 mg MO in the aqueous solution, which is 2.5 times less than the amount that was used in the present study. Thus, in the present case, the fabricated HS shows photocatalysis 2.5 times stronger than that reported earlier using the TiO 2 (anatase)/Ag 2 O HS in the presence of visible light.
The photocatalysis process requires the high absorption of light to create enough e-h pairs and easy separation of the photoexcited e-h pairs with minimum recombination. The band gap of the as-synthesized TiO 2 NRs and the HS samples coupled with the Ag 2 O NPs clearly falls in the visible range (in figure 5(b) and table 1) and is likely to be effective for the generation of enough photoexcited carriers. Broad band optical absorption with a high intensity for the HS samples allows the generation of a high density of photoinduced carriers that can facilitate certain redox reactions to degrade the organic pollutants. Sample TA2 shows visible absorption of the highest intensity as compared to the other HS samples, and this also extends to the NIR region, which is possibly one of the important reasons behind it having the highest level of photocatalytic efficiency among all the HS samples.
In a semiconducting material, fast recombination of the photoexcited e-h pairs is mostly observed in the form of PL, and the separation of photoexcited e-h pairs with minimum recombination is highly challenging. Efficient separation of the photogenerated e-h pairs is essential for the generation of highly active superoxide and hydroxyl radicals to facilitate enough redox reaction for the degradation of the dye. On the basis of the above-illustrated enhanced photodegradation by a are aligned suitably to facilitate charge transfer. Previous reports suggest that in the TiO 2 (B)/Ag 2 O HSs, both the CB and the VB of the Ag 2 O NPs lie above the corresponding bands of the TiO 2 (B) [37, 43] . Therefore, the migration of the photogenerated charge carriers through the interface of the HS is thermodynamically favorable [37] . The decrease in the PL intensity of TiO 2 NRs and the slower decay rate in the TRPL after the Ag 2 O NPs have been loaded onto it, strongly suggest that efficient charge separation indeed takes place in the HS samples. The photogenerated electrons and holes react with the adsorbed O 2 and H 2 O molecules, respectively, to form superoxide radicals and hydroxyl radicals. The resulting hydroxyl radical, being a strong oxidizing agent, and the super oxide radicals, a strong reducing agent, can degrade most of the organic dyes to the end products. Ag 2 O NPs are fully visible light sensitive due to their narrow band gap (1.34 eV). When the TiO 2 (B) NRs and Ag 2 O NPs are exposed as HSs to the visible light, both the components produce electrons in the conduction band leaving behind holes in the valence band. Due to the band positions and their bending [44] , photoexcited electrons from the CB of the Ag 2 O migrate to that of the TiO 2 and holes from the VB of the TiO 2 move to those of the Ag 2 O. This charge transfer process promotes the longer lifetime of the charge carriers reducing their recombination probability, which is consistent with the TRPL results. Adsorbed O 2 and H 2 O molecules react with the photogenerated electrons at the interface of the HS to form superoxide radicals, and holes can be trapped by the hydroxyl groups to form hydroxyl radicals. Thus, a sufficient number of powerful super oxide and hydroxyl radicals are generated and they decompose the adsorbed organic pollutants. The reaction mechanism goes as follows [8] However, under visible light illumination holes accumulate on the Ag 2 O surface by transferring electrons to the TiO 2 (B) surface. Thus, the TiO 2 (B) becomes anionic by gathering electrons and Ag 2 O becomes cationic in nature by accumulating holes. In the HS, the Ag 2 O NPs are uniformly coated on the TiO 2 (B) surface and the HS as a whole behaves in a cationic nature from the surface. As the dye MO is anionic in nature, in an aqueous solution the anionic dye radicals feel columbic attraction to the cations (h + ) on the HS surface. Thus, the anionic dye radicals get adsorbed very easily into the HS surface and react easily with the hydroxyl radicals (step 6). As the hydroxyl radicals are mainly generated at the Ag 2 O surface, concentration of this radical is very high here. Thus, MO gets decomposed very rapidly with time under visible light irradiation. Note that MB is slightly cationic in nature. So, in an aqueous solution there is columbic repulsion between the cationic MB radicals and cationic Ag 2 O surface in the HS samples. Thus, the adsorption rate of MB dye radicals at the HS surface is slower than that of the MO radicals, which results in the slower degradation of MB, as shown in table 2 [45] . Nevertheless, the degradation rate is considerably high due to the high density of photoinduced carriers present in the HSs resulting in the significant degradation of MB by the superoxide and hydroxyl radicals. Thus, TiO 2 (B)/Ag 2 O HSs are capable of the degradation of both anionic and cationic dyes.
Conclusions
A nanoporous TiO 2 (B)/Ag 2 O NR HS has been successfully fabricated by a low-temperature hydrothermal method followed by a co-precipitation method, and the HS is shown to be highly efficient in the visible light photodegradation of both anionic and cationic organic dyes. The morphology, structure, phase and elemental composition of the individual component and the HS have been studied by FESEM, TEM, XRD, XPS and EDX. DRS, PL and TRPL studies helped us to understand the optical properties of the systems and explain We achieved a pseudo-first-order rate constant of 0.071 min -1 , which is four times higher than the reported values. These HS photocatalysts are shown to be very stable up to four cycles of catalysis. Thus, semiconductor photocatalysts incorporated with metal oxide NPs, such as Ag 2 O, CuO, PdO, NiO, Ag 2 CO 3 could help to enhance visible light sensitization and efficient charge transfer at the interface leading to improved solar-light-driven photocatalysis. These results are significant for the advanced energy and environmental applications of metal oxide nanostructures and their heterostructures.
